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The cosmological consequences of an interacting model in which vacuum decay law is deducted
from the effect that vacuum decay has on the dark matter evolution are investigated. Here, the
baryonic matter is also considered as a fluid gravitationally coupled with dark matter. It is made
a careful analysis to constrain this model with the observational data of growth rate of cosmic
structures. The theoretical growth rate is followed since the primordial recombination and the main
physical processes on the baryonic component are considered. As a complementary constraint, this
model is compared with the observed CMB-BAO ratio as well with the gas mass fraction of cluster
of galaxies. We found the best fit values for dark matter Ωd0 = 0.269
+0.023
−0.023 and for the decay
parameter  = 0.02+0.04−0.05.
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I. INTRODUCTION
Several astronomical observations (Supernova Ia dis-
tance, age of the universe estimates, measurements of
the cosmic microwave background radiation anisotropies
etc.) have convergently indicated that the universe is un-
dergoing by a recent accelerated expansion. In the con-
text of the General Relativity, this has been attributed
to an exotic component of energy with negative pressure,
which is the so called dark energy (see a pedagogical re-
view in [1]).
The nature and origin of this dark component is still a
completely open question. Among several candidates for
dark energy, the oldest and most natural is the cosmo-
logical constant Λ [2], interpreted as the vacuum energy,
i.e., ρΛ = Λ/8piG. Moreover, here we face with the cos-
mological constant problem which is the conflict between
the upper cosmological limit today (ρΛ ∼ 10−47GeV 4),
and the theoretical expectation within the framework of
the quantum field theory (∼ 1071GeV 4) for the vacuum
energy value. In this regard, a phenomenological at-
tempt to alleviate such problem is allowing Λ to vary
with time. Even before the discovery of the accelerat-
ing expansion, many works had been already dedicated
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in the time-evolving vacuum models. These models were
motivated in the attempt to explain the cosmological con-
stant problem as well as the age of the universe [3]. With
the discovery of the accelerated expansion the interest in
them increase, because they can explain the accelerated
expansion of the universe in an efficient way, and also
provide an interesting attempt to evade the coincidence
and cosmological constant problems of the standard Λ-
cosmology ([4], and also for a more complete history see
[5]).
An interesting and more realistic approach based on
the modified matter expansion rate was proposed by
Wang & Meng [6]. Afterwards, in this model, Alcaniz
& Lima [7] included the baryonic component and showed
that its presence changes the dynamic of the evolution al-
tering the transition redshift for values compatible with
current estimates based on type Ia supernova.
The aim of the present paper is to investigate the cos-
mology of the vacuum decaying into cold dark matter
(CDM), proposed in [6], considering the growth rate of
matter (dark and baryonic) since the recombination era
taking into account the main physical mechanisms in the
baryonic component, through the exact calculations of
the hydrodynamical equations. The physical processes
that we take into account are photon drag, photon cool-
ing, recombination, photoionization, collisional ioniza-
tion, and hydrogen molecule production, destruction and
cooling - hereafter called simply ‘physical mechanisms’.
Baryonic and dark matter are considered as two fluids
coupled only by gravity.
The outline of our paper is as follows. In section II is
ar
X
iv
:1
40
6.
17
06
v2
  [
as
tro
-p
h.C
O]
  2
4 N
ov
 20
17
2briefly described the vacuum decay model. Our model of
dark and baryonic contrast and the growth rate in frame-
work proposed by [6] are presented in section III, as well
the constraint with the observational data of growth rate
of cosmological structures. As an additional constraint
for the vacuum decay model are done two complementary
observation tests: “CMB-BAO” and “Gas mass fraction
of galaxy clusters”, presented in section IV. The conclu-
sions are presented in section V, and in appendix A is
showed the calculations of the temporal evolution of the
baryonic matter.
II. VACUUM DECAY MODEL
Let us first consider a homogeneous and isotropic uni-
verse described by the Friedmann-Lemaitre-Robertson-
Walker element line and a coupling between Λ and CDM
particles. In this case, we have that
ρ˙d + 3
a˙
a
ρd = −ρ˙Λ , (1)
where ρd and ρΛ are the energy densities of CDM and Λ,
respectively, a is the cosmic scale factor and the dot sign
denotes derivative with respect to the time.
In the traditional approach, the description of the cos-
mological scenario with a dynamical Λ term there is the
necessity of specify a phenomenological time dependent
law for the vacuum. However, Ref. [6] (see also [7]) found
a decay law is deducted from the effect that vacuum has
on the dark matter evolution.
The qualitative argument used in Ref. [6] is the follow-
ing: if vacuum is decaying into CDM particles, the energy
density of this latter component will dilute more slowly
compared to its standard evolution ρ
d
∝ a−3. Thus, the
deviation from the standard dilution is characterized by
a positive constant, such that
ρ
d
= ρ
d0
a−3+ , (2)
where ρ
d0
is the current value of ρd (for the remainder of
this and the next sections, all quantities with subscript
zero will imply that we are considering the current value).
Now, by substituting the ansatz (2) in Eq. (1) yields
the vacuum energy density
ρv = ρ˜v0 +
ρ
d0
3− a
−3+ , (3)
where ρ˜
v0
is an integration constant which represents the
‘ground state value of the vacuum’, i.e., the standard vac-
uum energy density. Notice that when  = 0 the standard
ΛCDM model is recovered.
Neglecting the radiation contribution and considering
that the baryonic content is separately conserved, the
expansion rate of the Universe can be written as
H = H0
[
Ω
b0
a−3 +
3Ω
d0
3− a
−3+ + Ω˜v0
]1/2
, (4)
where Ωb0 = ρb0/ρc0 and Ωd0 = ρd0/ρc0 represent the
density parameters of baryons and dark matter, while
that Ω˜
v0
= ρ˜
v0
/ρ
c0
the density parameter associated to
constant ρ˜
v0
. From normalization condiction, one has
Ω˜v0 = 1− Ωb0 −
3Ω
d0
3−  . (5)
The term Ωb0 in Eq. (4), separately conserved, was in-
cluded by Ref. [7], which showed that baryonic contri-
bution cannot be neglected because it reconciles the de-
caying vacuum scenario with the observations. Besides,
in the present work we are also taking into account the
physical mechanisms in this component.
As pointed in reference [7], an important restriction on
 value given by second law of Thermodynamics implies
that  ≥ 0 and also  ≤ 1 (or even should expect   1
due to no observational report anomalous on the CDM
expansion rate yet), which avoid the accelerated phase of
the universe has begun in the matter-dominated era [6].
The analysis of the growth of perturbations can also pro-
vide one important restriction on the Λ(t)CDM models.
The presence of a dynamical vacuum energy provides a
critical value to the decay parameter from which fluctu-
ations do not collapse ( > 0.4), no matter its size in the
recombination. These aspects will be considerably im-
portant because they provide an initial constraint when
we will do the comparison with the observational data.
III. COSMOLOGICAL CONSTRAINT:
GROWTH RATE OF COSMIC STRUCTURE
As we are focusing the importance of the attractive
matter components, becomes interesting to compare this
decaying model with the data set related with matter. In
order to do this we compare our model with the obser-
vational growth factor (see table I).
To constrain the parametric space Ω
d0
− , we use the
χ2 minimization
χ2
gf
=
10∑
i=1
(
f(zi)obs − f(zi , θi)th
σ
gfi
)2
, (6)
where f(zi)th is the theoretical value of the growth factor
given by equation (15) (bellow), f(zi)obs is the observa-
tional data shown in table I and σ
gfi
is the error of the
f(zi)obs .
In the following, we present our theoretical model for
the growth rate of the structures.
There is a tight connection between cold collisionless
dark matter and baryonic matter. Furthermore, there
are several physical mechanisms occurring in the bary-
onic matter which lack for dark matter during its evo-
lution. The density contrast in these components were
modelled as a cloud that contains a certain dark mat-
ter mass Md of radius rd, and we follow only the bary-
onic matter that is inside this cloud. As described in
3z fobs Ref.
0.02 0.48 ± 0.09 [30]
0.07 0.56 ± 0.11 [31]
0.15 0.51 ± 0.11 [29]
0.22 0.60 ± 0.10 [32]
0.34 0.64 ± 0.09 [33]
0.35 0.70 ± 0.08 [34]
0.41 0.70 ± 0.07 [32]
0.42 0.73 ± 0.09 [35]
0.59 0.75 ± 0.09 [35]
0.60 0.73 ± 0.07 [32]
0.78 0.70 ± 0.08 [32]
TABLE I. Observational values of the linear growth rate. In
the first column is the sample redshift, the second one shows
the growth rate value in the redshift and the corresponding
central error bar (standard deviation) and, finally, in the third
column the references related to each measurement.
appendix A, the physical processes considered here are
the photon cooling (heating), collisional ionization, pho-
tonionization, Lyman-α cooling, and the cooling due to
H2 formation. In order to evolve the matter fluctuation
(or cloud), it was considered as having a ‘top-hat’ profile
as proposed in reference [37].
The baryonic matter and dark matter are considered
as two fluids coupled only by gravity. As their evolution
is non-relativistic, Newtonian hydrodynamic equations is
used to describe them. The contrast densities for bary-
onic, δb, and dark matter, δd, are defined as usually,
δb =
δρ
b
ρ
b
and δd =
δρ
d
ρ
d
. (7)
Considering the top-hat model, the perturbation has
a square density profile and a linear dependence for the
velocity (which is consistent with the density profile)
ρci = ρi + ρ1i(t) = ρi[1 + δi(t)] (8a)
vci = Hr + v1i(t)
r
ri
, (8b)
where the subscript i means baryonic or dark matter, ri
the radius of the clouds components, ρ1i(t) is the pertur-
bation, v1i(t) is the peculiar velocity of the fluctuation,
δi(t) is the density contrast of the perturbation, and r is
the radial coordinate centered in the cloud.
The collapse of a cloud with two components coupled
initially begins with a cloud of dark and baryonic matter.
As the collapse continues, the dark cloud collapses faster
than the baryonic one, which is delayed by the physi-
cal mechanisms acting on it. Thus, part of the initial
baryonic matter is left behind and we follow only that
goes with the dark matter, i.e., Mb(t). The surrounding
medium forms a halo that could eventually interact with
the cloud that is collapsing. As both baryonic and dark
matter are into the same volume over time, the amount
of baryonic matter M
d
related to the mass of dark matter
M
d
shall be given by
M
b
(a) = M
d
Ω
b0
Ω
d0
(
1 + δ
b
1 + δ
d
)
a− . (9)
The hydrodynamics equations are (see [37] and [11])
the continuity equation,
∂ρ
ci
∂t
+∇ · (ρ
ci
v
ci
) = 0 , (10)
the motion equation,
d vci
dt
+(vci·∇)vci = −∇φ− 1
ρci
∇P−4
3
σ
T
bT 4
γ
xe
mpc
(vci−Hr) ,
(11)
where P is the pressure, σ is the Thomson cross section,
b = 4/c is the Stefan-Boltzmann’s constant, xe is the
degree of ionization, and the last term is the photon drag
due to the background radiation; and the field equation
itself is
∇2φ = 4piGρci . (12)
Note that for the dark matter component the two last
terms in equation (11) do not exist (dark particles are
collisionless and do not interact with photons).
Substituting the perturbations (7) in the subsequent
equations (8) - (12) we obtain the density contrast of
dark matter at any time,
δ˙d + 3(1 + δd)
v1d
rd
= 0 , (13a)
and the velocity of the dark cloud
v˙
1d
+Hv
1d
+
4piGρ0crd
3
a−3 [Ω
b0
+ Ω
d0
a] (δ
b
+ δ
d
) = 0 ;
(13b)
as well the evolution of the density contrast of the bary-
onic matter
δ˙b + 3(1 + δb)
v1b
rb
= 0 , (14a)
and the velocity of baryonic cloud inside the dark cloud
(which follows the dark cloud),
v˙
1b
+ v
1b
(
H +
4
3
σ
T
bT 4
γ
x
e
m
p
c
)
+
4
3
piGr
b
ρc0a
−3 [Ω
b0
+ Ω
d0
a] ·
·(δ
b
+ δ
d
)− NAkB
r
d
T
m
(1 + x
e
) = 0. (14b)
Here, Tm is the temperature of the baryonic matter,
which has its dependence over time calculated in ap-
pendix A, mp is the mass of proton and, just remem-
bering,  is the parameter of the vacuum decay.
According to equation (8b), in the linear approxi-
mation the velocity of the fluctuations can be resolved
into a term which tells us about the expansion of the
universe, Hr, and also another representing the pecu-
liar velocity of the cloud, as suggested by Peebles [8],
u(t) = v1i(t)r/ri = 2/3[f(z)g(r)/(H(z)Ωm(z))]. In this
expression g(r) is the specific gravity of the cloud and
f(z) is the linear growth rate, which is related with the
4growth mode of the perturbation of the baryonic and
dark matter components as
f =
a
δ
dδ
da
=
δ˙b + δ˙d
δb + δd
. (15)
Originally, in 1980 Peebles found f(z = 0) = Ω0.6
m0
[8],
a quite useful approximation of the linear growth rate
obtained from the Friedmann-Lemaˆıtre model, valid for
cases where the cosmological constant or curvature of
space can be neglected [9]. Afterwards, more accurate
approximations for this same model were found, as for
instance, f(z = 0) = Ω4/7
m0
by Lightman & Schechter [10].
Later, other analysis were performed taking into account
the cosmological constant and the variation of the growth
rate with the redshift (for a brief review see for example
[11]). For a flat universe with cosmological constant, a
very useful utilized approximation was found by Lahav
et al. [12]
f(z) = Ω′0.6
m
+
1
70
[
1− Ω
′
m
2
(1 + Ω′
m
)
]
. (16)
where
Ω′
m
(z) ≡ Ωb0a
−3 + Ω
d0
a−3+
Ω
b0
a−3 + Ω
d0
a−3+ + Ω
v0
, (17)
is the normalized matter density parameter. A similar
approach was first made by Wang & Steinhardt [13].
Based on the results from seven-year WMAP data
set (WMAP7 - [14]), we assume a spatial flat universe
with density parameter values for current baryonic mat-
ter Ω
b0
= 0.0458 and dark matter Ω
d0
= 0.229, and the
Hubble constant H0 = 70.2 km s
−1 Mpc−1. As ini-
tial conditions for our numerical code the evolution of
the fluctuations start when 90% of all primordial hydro-
gen already recombined (when the radiation temperature
Tγ ' 4000K and z ' 1500). The inputs for the initial
contrast of baryonic density is δrecd = 0 (because we do
not expect any initial fluctuation of baryonic matter at
this time due to its recently tight interaction with the
CMB photons) and δrec
d
= 10−5 (after matter radiation
equality, dark matter fluctuations grew little and we sup-
posed that they are not much bigger than that of the
CMB). The amount of dark mass of the fluctuation is
also an initial input of the numerical calculation and the
value that we used was 1014M, which mimics a clus-
ter of galaxies and almost a linear fluctuation. Figure 1a
shows clearly this point: fluctuations withMd < 10
14M
fail to represent f(z = 0) corresponding to the observa-
tions (see table I for the observational data).
The evolution of the linear growth rate since recombi-
nation is shown in figure 1b. For the sake of comparison,
the Lahav approximation from equation (16) is also plot-
ted in the same figure (dashed curve).
The curve signed  = 0.0 (solid curve) coincides with
the ΛCDM model, and it is quite similar to Lahav ap-
proximation (long-dashed curve), at least for 0 ≤ z .
100. The cases  = 0.1 and  = 0.2 (pointed and dashed-
dot curves, respectively) follow that to  = 0.0, but the
amplitude is smaller as bigger as the value of . This
trend was already expected because in these models with
decaying vacuum the density of dark matter is smaller in
higher redshifts (see equation (2)). This reflects what is
shown in figure 3 of the evolution of the total density con-
trast. Note that, all the models showed in this figure has
its present growth rate value (i.e., f(z = 0)) close to the
observational value Ω0.55
m
= (Ω
b0
+ Ω
d0
)0.55 ' 0.48 (see
[10] or [19]). The second and third column of table II,
give the numerically calculated values for the today val-
ues of the growth rate (respectively with and without
the baryonic component) for three classes of models with
 = 0.0 (= ΛCDM), 0.1, and 0.2.
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FIG. 1. (a) Numerical evolution of the linear growth rate
from equation (15) for  = 0 (≡ ΛCDM),  = 0.1, and  = 0.2.
Mass scales like Md < 10
14 seems not to represent growth rate
today in correspondence to observations (f0 = 0.5) [36]. (b)
Evolution of the linear growth rate since the recombination
era. The Lahav approximation from equation (16) is also
plotted. These curves are only for Md = 10
14M and consider
the WMAP result set Ωb0 = 0.0458, Ωd0 = 0.229 and h =
0.702 [14].
5 f0 f
∗
0
0.0 0.490 0.442
0.1 0.486 0.436
0.2 0.483 0.430
∗ Stands for the case Ωb = 0.
TABLE II. Today values of the numerical growth rate, with
and without the baryonic component, f0 and f
∗
0
, respectively,
for three values of the parameter . In this analysis Ωd0 =
0.229, Ωb0 = 0.0458, and h = 0.702.
Figure 2 gives the evolution of f(z) in low redshifts,
and shows the importance of take into account the bary-
onic matter.
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FIG. 2. The points with error bar are the observed data
(see table I). This figure shows also the curves for  = 0.0
(≡ ΛCDM) and  = 0.2 with the inclusion of baryonic matter
and without it. No significant difference from the curves with
baryonic matter was found when the physical cooling/heating
processes were absent.
In this figure is also superimposed the observed values
of f(z) and their error bars, which are tabled in table I.
The theoretical curves shown that a smaller amplitude of
f(z) for the cases without baryonic matter. Comparing
the results obtained with the observational data set, we
find that these models are viable because they are within
the error bars.
Figure 3 shows the evolution of the total (dark plus
baryonic) density contrast for the three classes of mod-
els with Λ(t):  = 0.0 (= ΛCDM plus baryonic matter),
0.1, and 0.2. In this picture is also presented the effects
of take into account dark matter and baryonic matter
plus the physical mechanisms (dark curves), dark matter
and baryonic matter without physical mechanisms (blue
curves marked with ‘L = 0’) and only the dark compo-
nent (rose curves marked with ‘Ωb = 0’). Although dark
energy is not dominant during the primordial times, these
curves show its influence over the growth of the pertur-
bations. However, this result was expected because dif-
ferent rates of vacuum decay means different quantities
0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7 0 . 8 0 . 9 1 . 0
0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
1 . 2
1 . 4  ε  =  0 . 0 ε  =  0 . 1
 ε  =  0 . 2
 ε  =  0 . 0  ( L = 0 )
 ε  =  0 . 1  ( L = 0 )
 ε  =  0 . 2  ( L = 0 )
 ε  =  0 . 0  ( Ω b = 0 )
 ε  =  0 . 1  ( Ω b = 0 )
 ε  =  0 . 2  ( Ω b = 0 )
 
δ (a
) (10
-2 )
a
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FIG. 3. Evolution of the density contrast of baryon and dark
matter (δ(a) = δb(a) + δd(a)) since the recombination until
today (a = 1) for  = 0, 0.1, 0.2. Black curves specifies the
models which take into account dark plus baryonic matter and
the physical mechanisms; blue curves specifies those with dark
matter plus baryonic matter without physical mechanisms;
and rose curves specifies those with only dark component.
The vertical band includes the redshift of transition of the
three models. For this figure it was assumed Ωd0 = 0.229,
Ωb0 = 0.0458 and h = 0.702.
of dark matter. Then, as bigger as the  parameter, less
is the dark matter quantity in early times. This delays
the growth of the perturbations, making the amplitude of
δ(a) to be smaller for bigger ’s. This figure also shows
the importance of the baryonic component as well the
physical mechanisms taken together or alone. They de-
lay the growth of the fluctuation. In the case with only
baryonic matter without, the physical mechanisms is easy
to see from equation (5), which shows that in case with-
out baryonic matter the parameter Ω˜
v0
is bigger (because
the model is flat); and when the physical mechanisms are
considered the main delay source is the cooling due to the
formation of molecules. For a summary of this analysis
see table III.
 Ωd0 Ωb0 Ωv0 Cooling δd0 (10
−2) δb0 (10
−2) δ0 (10
−2)
0.0 0.229 0.0458 0.7252 yes 0.53 0.53 1.06
0.0 0.229 0.0458 0.7252 no 0.56 0.56 1.13
0.0 0.229 0 0.7710 – 0.65 0.65 1.29
0.1 0.229 0.0458 0.7252 yes 0.39 0.39 0.79
0.1 0.229 0.0458 0.7252 no 0.43 0.43 0.87
0.1 0.229 0 0.7710 – 0.54 0.54 1.08
0.2 0.229 0.0458 0.7252 yes 0.28 0.28 0.56
0.2 0.229 0.0458 0.7252 no 0.32 0.32 0.64
0.2 0.229 0 0.7710 – 0.45 0.45 0.89
TABLE III. Summary of the analysis about the figure 3 dis-
cussed in the text. The final density contrast (in a = 1) are
δd0 , δb0 and δ0 = δd0 +δb0 of the dark matter, baryonic matter
and the total density contrast of the cloud.
6The confidence levels result for the χ2 minimization,
from equation (6), are showed in figure 4 as black dashed
curves. To delimit the degeneration of the space of pa-
rameters, the model (parameters Ω
d0
− ) was also com-
pared with two more sets of observational data. One of
them is the CMB-BAO ratio and the other is the clus-
ter gas mass fraction from X-ray data, discussed in the
following section.
IV. COMPLEMENTARY CONSTRAINTS
A. CMB-BAO ratio
As it is largely known, the CMB constrains from the so-
called shift parameter R [15] and the BAO measurement
A(zBAO) [16] have been commonly used to constrain non-
standard models, but this approach is not completely
correct since these quantities are derived by using pa-
rameters close to standard ΛCDM (see [17], [15], [18]).
In order to avoid some bias in our results we fol-
low reference [17] and use the ratio CMB/BAO, i.e.,
dA(z∗)/DV (zBAO) where z∗ is the sound horizon at the
last scattering. In fact, this is a product that cancels
out some of the dependence on the sound horizon size at
last scattering and a more model-independent constraint
can be achieved in statistical analysis. Reference [17]
gives this relation for the redshifts 0.2 and 0.35 (that
come from the BAO in these redshifts) which were joined
four more BAO data from 6dF Galaxy Survey Redshift
(6dFGS) [31] and in the WiggleZ Dark Energy Survey
[20]. These relations are presented in table IV. The χ2
function to be minimized is
χ2
CMB−BAO =
6∑
i=1

[
d
A
(z∗ )
D
V
(z
BAO,i
)
]
obs
−
[
d
A
(z∗ ,θi )
D
V
(z
BAO,i
,θ
i
)
]
th
σ
CMB−BAOi

2
,
(18)
where the theoretical ratio CMB-BAO is
d
A
(z∗)
D
V
(z
BAO
)
=
∫ z∗
0
dz′∗
E(z′∗)
(1 + z∗)
 E(zBAO )
z
BAO
(∫ z
BAO
0
dz′
BAO
E(z
BAO
)
)2

1/3
,
(19)
z∗ = 1090 is the redshift assumed for the recombination,
E(z) = H(z)/H0 is given by equation (4), and zBAO is
the redshift of the BAO peaks (table IV).
The confidence levels are showed in figure 4 as dotted
red curves.
Sample zBAO dA(z∗)/DV
6dFGS 0.106 30.95± 1.50
2dFGRS 0.2 17.55± 0.65
SDSS 0.35 10.10± 0.38
WiggleZ 0.44 8.43± 0.67
WiggleZ 0.6 6.69± 0.33
WiggleZ 0.73 5.45± 0.31
TABLE IV. The observational CMB-BAO ratio data set.
B. Gas mass fraction constraint
For the other complementary observational compari-
son, we consider the data set of the baryonic content of
52 X-ray luminous galaxy clusters observed with Chan-
dra in the redshift range 0.3 < z < 1.273 provided by
Ettori et al. [21].
Using equations (8) and (11) from [21], we have
fmodelgas =
BΩ
b
[1.18− 0.012kTgas]ΩM
(20)
where the depletion parameter B = 0.874 ± 0.0023, the
baryonic density parameter Ωb0 = 0.0458 ± 0.0016 and
kTgas is the gas temperature of each cluster .
However, the X-ray gas mass fraction values were de-
termined for ΛCDM (H0,ΩM ,ΩΛ) = (70 kms
−1Mpc−1),
but since fgas ∝ d3/2A (see [22]), the model function is de-
fined by
fmodelgas =
BΩb
[1.18− 0.012kTgas]ΩM
(
dΛCDMA
dmodelA
)3/2
. (21)
The distance ratio (dΛCDMA /d
model
A ) accounts for devia-
tions in the geometry of the universe from the ΛCDM
model, where
dΛCDMA =
c
(1 + z)H70
∫ z
0
dz√
0.3(1 + z)3 + 0.7
(22)
and
dmodelA =
c
(1 + z)H0
∫ z
0
dz
H(z)
(23)
where H(z) is the Hubble parameter of the model given
by equation (4).
We find the constraints on the model parameters by
minimizing the chi-squared function
χ2fgas =
52∑
i=1
[fmodelgas (zi, θi)− fobsgas(zi, θi)]2
σ2(i)fmodelgas + σ
2(i)fobsgas
(24)
7where σ2(i)fmodelgas are the propagate errors, expressed by
σ(i)fmodelgas = f
model
gas
√
0.07 +
(
0.012kT (i)
[1.18− 0.012kT (i)]σ(i)kT
)2
(25)
and σ2(i)fobsgas are the errors for the ΛCDM data.
A similar analysis using gas mass fraction was done
by first reference in [24], but they used the fgas sample
calculated in reference [23].
The confidence levels are showed in figure 4 as green
dashed-dot curves. The joint analysis is given by
χ2
joint
= χ2
gf
+ χ2
CMB−BAO + χ
2
fgas . (26)
This analysis is showed in figure 4 as continuous blue
curves.
Figure 4 shows that the regions representing the con-
straints from growth rate and gas mass fraction mea-
surements on the parameter space Ω
d0
−  are almost
parallel, while the CMB-BAO measurements are approx-
imately orthogonal to the last two measurements con-
straints. We also note that, notwithstanding the growth
rate and gas mass fraction measurements come from dif-
ferent data sets, the first represents approximately the
density contrast and the second the gas mass fraction in
the cluster. This can mean that these data are measur-
ing almost the same thing, which could explain why the
confidence levels are parallel.
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FIG. 4. Superposition of the confidence level contours of
68.3%, 95.4% and 99.73% in the Ωd0 −  plane from the linear
growth rate (LGR), CMB-BAO ratio set (CMB-BAO) and
the gas mass fraction (GMF), as well as their combination.
The best fits and error bars are to 1σ (∆χ2 = 1) shown in
table V.
The best fit values for each data set and for the joint
analysis are presented in Table V.
Test Ωd0  χ
2
min
/ν
LGR 0.254+0.054−0.066 0.35
+0.13
−0.49 0.454
CMB-BAO 0.193+0.125−0.097 −0.11+0.19−0.30 0.815
GMF 0.137+0.048−0.036 −1.68+0.64−0.68 0.986
LGR+GMF+CMB-BAO 0.269+0.023−0.023 0.02
+0.04
−0.05 0.999
TABLE V. Limits to Ωd0 and  with error bars standing
for 1σ. LGR, CMB-BAO and GMF in the first column re-
fer to Linear Growth Rate, Cosmic Microwave Background
radiation - Baryon Acoustic Oscillations ratio and Gas Mass
Fraction, respectively.
The results that we found are similar to that presented
in references [7] and [24]. This mean that these results
reinforces the conclusion already found by other authors
about the possibility of a small, but measurable, devia-
tion from the standard Λ dynamics (formally equivalent
to the case  = 0).
V. CONCLUSIONS
In this paper we have studied the observational con-
sequences of the decaying vacuum scenario proposed by
Wang and Meng [6] considering the baryonic component,
whose importance was pointed by Alcaniz and Lima [7],
as well we have done one more slightly modification in
the original model by considering the interaction between
dark and baryonic matter components.
In order to enhance the importance of the baryonic
component, two of the three analysis done was based in
the observational data related with the baryonic mass,
namely the ‘growth rate’ and ‘gas fraction in clusters
of galaxies’. The third analysis was based in observa-
tional CMB-BAO rate, which proved to be a very useful
complementary analysis because its confidence levels are
transverse to the two first.
The theoretical counterpart of the growth rate was
new and much more sophisticated than those we found
in the literature. In this calculation, the baryonic and
dark matter was considered as two fluids coupled and
the main physical mechanisms present during and after
recombination was also taken into account.
In conclusion, our statistical analysis reinforces the
conclusion already found by others authors about the
possibility of a small but measurable deviation from the
standard ΛCDM.
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8Appendix A: Temperature of the baryonic matter
cloud
From recombination until the beginning of the collapse
of the first structures, the baryonic matter (protons, elec-
trons and hydrogen) can be treated as an ideal gas whose
equation of state are given by
P = N
A
k
B
ρ
cb
(1 + x
e
)Tm , (A1)
where Tm is the temperature of the baryonic matter, kB
is the Boltzmann’s constant, N
A
the Avogadro’s number,
ρ
cb
is the density of baryonic matter and the parameter x
e
is the degree of ionization of the matter (in the beginning
of the recombination x
e
= 1). To simplify, in this work
we have used the recombination given by [25], modified
to include the collisional ionization among electrons and
hydrogen atoms [26].
The energy equation is written as
dU
dt
= −L+ P
ρ2
cb
dρ
cb
dt
, (A2)
where U is the internal energy of the gas which is (per
unit of mass m),
U =
3
2
N
A
k
B
T
m
(1 + x
e
) , (A3)
and L is the cooling function which take into account the
physical cooling/heating processes acting on the baryonic
matter, and it is given by
L = −k
B
N
A
T
m
dx
e
dt
−4kBσT bT
4
γ
x
e
m
p
m
e
c
(T
m
− T
γ
)+LH2+Lα ,
(A4)
which includes recombination, photoionization and col-
lisional ionization (first term), photon cooling (heating,
second term), molecular hydrogen cooling and Lyman-
α cooling (third and forth terms, respectively). In this
equation, mp and me are the proton and electron masses,
respectively; the speed of light is c, σ
T
the Thomson cross
section and b = 4σ/c, where σ is the Stefan-Boltzmann’s
constant. For more details about these terms see ref [27].
Using equations (A1) and (A3) into (A2), and ρ
cb
=
ρ
b0
(1 + δ
b
), we obtain the equation that governs the evo-
lution of the temperature of the matter inside the cloud
dT
m
dt
= −Tm
[
x˙
e
1 + xe
+ 2
a˙
a
− 2
3
δ˙
b
1 + δ
b
]
−2
3
L
N
A
k
B
(1 + xe)
.
(A5)
The evolution of baryonic matter temperature of the
Universe is the same equation (A5) disregarding the term
with δ
b
(the last term in brackets).
For more details, the basic equations for the physi-
cal mechanisms were presented in various papers of de
Araujo & Opher [28].
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